Bacillus anthracis spores, the infectious agents of anthrax, are notoriously difficult to remove from contaminated areas because they are resistant to many eradication methods. These resistance properties are due to the spore's dehydration and dormancy and to the multiple protective layers surrounding the spore core, one of which is the cortex. In order for B. anthracis spores to germinate and resume growth, the cortex peptidoglycan must be depolymerized. This study reports on analyses of sleL (yaaH), which encodes a cortex-lytic enzyme. The inactivation of sleL does not affect vegetative growth, spore viability, or the initial stages of germination, including dipicolinic acid release. However, mutant spores exhibit a slight delay in the loss of optical density compared to that of wild-type spores. Mutants also retain more diaminopimelic acid and N-acetylmuramic acid during germination than wild-type spores, suggesting that the cortex peptidoglycan is not being hydrolyzed as rapidly. This finding is supported by high-pressure liquid chromatography analysis of the peptidoglycan structure used to confirm that SleL acts as an N-acetylglucosaminidase. When sleL is inactivated, the cortex peptidoglycan is not depolymerized into small muropeptides but instead is retained within the spore as large fragments. In the absence of the sleL-encoded N-acetylglucosaminidase, other cortex-lytic enzymes break down the cortex peptidoglycan sufficiently to allow rapid germination and outgrowth.
The gram-positive rod Bacillus anthracis transitions between two cellular morphologies, the spore and the vegetative cell, during its intricate life cycle. The spore is the infectious agent that causes all three types of anthrax: cutaneous, gastrointestinal, and inhalational (29) . Unlike vegetative cells, spores are resistant to many environmental insults, including extreme pH, high temperatures, chemical treatment, radiation, desiccation, and starvation (34, 43) . These characteristics allow the metabolically inactive, dormant morphotype to survive outside a host for centuries (13) and hinder cleanup efforts in contaminated areas. Environmental conditions inside the B. anthracis host support the resumption of metabolic activity, triggering the spores to germinate into vegetative cells. It is the vegetative cells that are responsible for the fatal symptoms associated with certain types of anthrax because they produce a protective capsule and deadly toxins.
Germination is the transition of a spore to a vegetative cell. It is stimulated when the spore encounters nutrient or nonnutrient germinants in its environment (44) . Nutrient germinants interact with germinant receptors within the inner membrane of the spore. This initiates a cascade of events, including the release of cations and dipicolinic acid (DPA) from the spore core, partial core rehydration, hydrolysis of the cortex peptidoglycan (PG), and further hydration, causing swelling of the spore and loss of dormancy (30, 36, 42, 44) .
Bacillus spores contain two types of PG, the germ cell wall and the cortex PG. The germ cell wall is adjacent to the inner forespore membrane, and this layer may act as a template for vegetative cell wall synthesis after germination (2, 10) . The cortex PG is assembled between the germ cell wall and the outer forespore membrane (28) . The cortex PG is composed of glycan strands made of alternating N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM), the latter of which may be modified to muramic ␦-lactam or whose side chain may be cleaved to a single L-alanine (2, 39, 46) . These distinct modifications result in a loosely cross-linked cortex that helps maintain dehydration, promoting spore heat resistance and dormancy (22, 38, 45) .
As spores germinate, the cortex PG is hydrolyzed by germination-specific cortex-lytic enzymes (GSLEs). GSLEs can differentiate between cortex and germ cell wall PG by identifying the unique muramic ␦-lactam residues of the cortex (2, 8, 25, 40) . These types of enzymes have been subclassified as either spore cortex-lytic enzymes (SCLE) or cortical fragment-lytic enzymes (CFLE), which recognize intact or partially hydrolyzed fragments of cortex PG, respectively (25) . Studies have identified SCLEs and CFLEs in several Bacillus species. SleB is an SCLE with orthologs in B. thuringiensis (15) , B. cereus (24, 33) , B. subtilis (32) , and B. anthracis (23) . The sleB gene is expressed in the forespore under the control of G (6, 31) , and the protein is then translocated to the cortex or the inner membrane in its mature form (9, 27, 31) . After recognizing PG-containing muramic ␦-lactam, SleB is thought to act as either a lytic transglycosylase or an amidase (6, 31, 33) . CwlJ has sequence similarity to one domain of SleB, but this enzyme is apparently associated with the proteinaceous coats of the spore (4, 16) . The enzymatic activity of CwlJ has yet to be conclusively determined, but it has been speculated to be an amidase (16) . In B. subtilis, SleB and CwlJ are redundant in an essential role during germination. In the absence of both enzymes, spores cannot hydrolyze the cortex PG and complete germination (9) .
The product of the B. cereus sleL gene functions as a CFLE (8) . Like cwlJ, sleL is expressed in the mother cell under the regulation of E (19) . SleL localizes to the periphery of the cortex or the cortex/coat interface (7, 8, 20) . The enzymatic function of SleL has been suggested to be either an N-acetylglucosaminidase (8) or an epimerase (3, 9) . We have characterized the role of sleL in B. anthracis spore germination. Analyses of spore viability, germination, and cortex PG hydrolysis indicate that SleL functions as a CFLE and is an Nacetylglucosaminidase.
MATERIALS AND METHODS
Strains and spore preparation. B. anthracis strains and plasmids used in this study are described in Table 1 . Escherichia coli strains used to propagate plasmids were grown in LB broth or agar medium with the appropriate antibiotics at 37°C. B. anthracis Sterne strain 34F2 (pXO1 ϩ , pXO2 Ϫ ) was grown on brain heart infusion (BHI, Difco) broth with antibiotics when indicated. The following concentrations of antibiotics were added to either LB or BHI broth to select resistance markers when necessary: 10 g ml Ϫ1 tetracycline (Jersey Lab Supply), 50 g ml Ϫ1 kanamycin sulfate (Jersey Lab Supply), and 500 g ml Ϫ1 (E. coli) or 5 g ml Ϫ1 (B. anthracis) erythromycin (Fisher) . B. anthracis endospores were prepared by growth in modified G broth (18) at the appropriate temperatures for 3 to 4 days. The spores were harvested by centrifugation and washed repeatedly in deionized water. Any remaining vegetative cells were heat killed at 65°C for 20 min. The spores were further purified with a 50% sodium diatrizoate (SigmaAldrich) gradient as previously described (35) . Spores were stored in deionized water at 4°C until analysis.
Mutant construction. An sleL-lacZ transcriptional fusion was created as described previously (12) with slight modifications. Briefly, primers SleLgatFor and SleLgatRev (sequences available upon request) were used to PCR amplify a 442-bp region of the B. anthracis Sterne genome, including the Shine-Dalgarno sequence and the first 142 codons of sleL. The sleL truncation was introduced into the entry vector pDONRtet and then into the destination vector pNFd13 (12) using the Invitrogen Gateway cloning system, and the resulting plasmid was named pDPV350. This plasmid contains the temperature-sensitive pE194 origin of replication and the IPTG (isopropyl-␤-D-thiogalactopyranoside)-inducible P spac promoter upstream and the lacZ gene downstream of the sleL insert. Plasmid constructs were verified after each step by restriction-enzyme digestion and sequencing. pDPV350 was prepared from E. coli INV110 (dam dcm) (Invitrogen) and was electroporated into B. anthracis Sterne as described previously (41) . To select for the integration of the plasmid into the B. anthracis chromosome, a broth culture of the resulting strain was shifted to 39°C. The correct chromosomal construct of the strain denoted as DPBa27 was verified by Southern blotting and by PCR using primers homologous to regions upstream and downstream of sleL (SleL1 and SleL4, respectively), within lacZ, and upstream of the P spac promoter. Southern blots were performed using the Gene Images random prime labeling kit and Gene Images ECL detection kit (GE Healthcare) following the manufacturer's protocols.
The sleL gene was deleted by markerless gene replacement as described previously (17) with the following modifications. PCR was used to amplify a 2,377-bp fragment, including sleL and its flanking regions. Primers SleL1 and SleL4 were designed to add a NotI restriction site upstream and a BamHI site downstream of sleL, respectively. The PCR product and pBKJ236 (17) were digested with NotI and BamHI, and the products were ligated, resulting in pDPV352. The inverse PCR of the plasmid using primers SleL2 and SleL3 resulted in a linear 7,373-bp product with BglII sites at both ends. The linear product was digested with BglII and ligated to produce pDPV351. The plasmid was transformed into INV110 and then introduced into B. anthracis via conjugation as described previously (17) . Selection at 37°C resulted in the insertion of the plasmid via a single crossover at the sleL locus. pBKJ223 (17) isolated from E. coli INV110 was electroporated into the resulting strain to allow the expression of I-SceI, and strains in which pDPV351 was deleted from the chromosome by a second recombination event were identified by screening for antibiotic sensitivity. A strain carrying the in-frame sleL deletion mutation, denoted DPBa35, was verified by PCR using primers SleL1 and SleL4 and by sequencing of the resulting PCR product. Complementation studies involved the introduction of pBKJ236 (empty vector) or pDPV352 (complementing plasmid) into DPBa35 to produce DPBa36 and DPBa37, respectively. These plasmids are derived from a vector with a copy number of approximately 5 in B. subtilis (21, 37) . Plasmids were maintained in the replicative form by conducting complementation studies at 27°C.
Phenotypic analyses. Spore viability was analyzed by conducting colony formation assays. Equivalent amounts of spores of each strain were heat activated at 70°C for 30 min to synchronize germination. After activation, the initial optical density at 600 nm (OD 600 ) of the spore solutions was measured. The suspensions were then serially diluted, and the spores were plated on BHI broth without antibiotics. The plates were incubated overnight at 39°C and were used to calculate the CFU per OD 600 .
Starter cultures for growth and sporulation assays were cultivated on BHI plates with the appropriate antibiotics. Isolated colonies were inoculated into modified G broth without antibiotics and incubated at 39°C, unless otherwise noted, until the OD 600 was ϳ0.5. The cultures were back-diluted 1:25, and OD readings were recorded over 8 h. To determine the activity of the wild-type sleL promoter, 1-ml culture samples were collected, and the cells were pelleted and stored at Ϫ80°C. ␤-Galactosidase activity was assayed as previously described (35) .
For the germination and outgrowth studies, spores were heat activated in water at 70°C for 30 min and then briefly cooled on ice. Germination was initiated by diluting spores to an OD 600 of 0.2 in BHI broth and shaking at 39°C. Germination and outgrowth were monitored as changes in the OD 600 over time and are graphically depicted as the initial OD percentage relative to incubation time.
Assays of biochemical changes during germination. One milliliter of purified spores at an OD 600 of 50 were heat activated at 70°C for 30 min. NaPO 4 (pH 7.0) was added to achieve a final concentration of 40 mM, and the mixture was incubated at 37°C for 5 min. Germination was initiated by the addition of L-alanine (Fisher) to 10 mM and inosine (Sigma) to 1 mM. The spores were incubated at 37°C until the OD 600 decreased at least 40% (approximately 4 min), at which time samples were collected for muropeptide, NAM, diaminopimelic acid (Dpm), and DPA analyses. The germinating spore pellets and exudates were separated by centrifugation, and PG was prepared and analyzed as previously described (11) . Both spore exudates and pellet samples were assayed for DPA content as described previously (35) . Briefly, spore pellets were disrupted by boiling the samples resuspended in 10 mM Tris HCl (pH 8.0) for 20 min. After cooling on ice, both the pellet and exudate samples were centrifuged to remove any insoluble material. The supernatants were combined with DPA assay reagent, and the absorbance at 440 nm was measured. The amount of DPA in the pellets or exudates was compared to a standard curve produced using purified DPA (Sigma). Muramic acid and amino acid analyses of the pellet and exudate samples collected during germination were done as previously described (28) .
RESULTS
Identification and expression of sleL. Database searches revealed only a single strong homolog of the B. subtilis (49% amino acid identity) and B. cereus SleL (YaaH) (98% amino acid identity) proteins encoded in each of the available B. (19) and B. cereus (8) , B. anthracis sleL is a monocistronic locus. By creating a transcriptional fusion between the native sleL promoter and lacZ, we determined the activity of the promoter. While wild-type B. anthracis had only background levels of ␤-galactosidase activity, the native sleL promoter in DPBa27 was inactive during growth, became active at the first hour of sporulation (t 1 ), was most active at t 2.5, and became inactive by t 5 (Fig. 1 ).
Construction and characterization of the sleL mutant strains. Vegetative growth assays (Fig. 1) indicated that the wild-type and both the sleL plasmid insertion (DPBa27) and in-frame ⌬sleL (DPBa35) mutant strains had similar doubling rates in modified G broth. Both mutants also produced equivalent amounts of viable, heat-resistant spores compared to the wildtype (data not shown). Purified spores were analyzed to determine the role of sleL in germination and outgrowth. When spores were germinated in BHI broth, both the wild-type and mutant strains reached 70% of their maximum drop in OD 600 within 4 min after the addition of germinants (Fig. 2) . However, the wild-type spores reached their maximum drop in OD 600 20 min after germination initiation, at which point they lost an average of 65% Ϯ 1% of their initial OD. The plasmid insertion sleL mutant spores, however, reached their maximum OD decrease slightly later, 30 min after induction, and lost only 60% Ϯ 3% of their initial OD 600 . Repeated measures two-way analysis of variance indicates that there is a significant difference (P Յ 0.0098) between the two strains from 10 to 35 min after the initiation of germination. Each strain then progressed through outgrowth at approximately the same rate (Fig. 2) , reaching the point of the first cell division at ϳ110 min after germination initiation (data not shown). Similar results were obtained with the in-frame ⌬sleL mutant strain (data not shown).
DPA, NAM, and Dpm release during germination. Heatactivated B. anthracis spores were induced to germinate with L-alanine and inosine in buffered solution as described in Materials and Methods. Germination was allowed to proceed until the spores lost 40% of their initial OD 600 value, which occurred within 5 min. Samples were collected and analyzed for the release of DPA, NAM, and Dpm from the spores. The amount of DPA released from all strains studied was similar (Fig. 3) . Nearly all of FIG. 2. Germination of sleL spores is slightly delayed. Heat-activated spores were germinated in BHI medium at 39°C. Germination and outgrowth of wild-type (F) and DPBa27 (sleL-lacZ::pDPV350) (f) B. anthracis spores were followed as changes in OD 600 value over time. Error bars represent 1 standard deviation of the mean of three independent assays. The difference in the loss of OD 600 between the two strains is significant (P Յ 0.0098) from 10 to 35 min after germination initiation.
FIG. 3.
Release of DPA and NAM during germination. Heat-activated spores were germinated with L-alanine and inosine in buffer at 37°C for 10 min, and samples were removed and centrifuged for assay of exudate and spore pellet contents. The percentages of DPA and NAM released from B. anthracis spores of the wild type (black bars), the ⌬sleL mutant (DPBa35; white bars), the ⌬sleL mutant with pBKJ236 vector control (DPBa36; light gray bars), and the ⌬sleL mutant with pDPV352 complementing vector (DPBa37; dark gray bars) are shown. Error bars represent 1 standard deviation of the mean of three independent experiments. Asterisks indicate a statistically significant difference (P Յ 0.0001) compared to wild-type B. anthracis. A cross indicates a statistically significant difference (P Յ 0.007) compared to either the wild-type or DPBa35.
FIG. 1. Sporulation-specific expression of sleL.
Strains were incubated in modified G medium at 39°C for 7 h, during which samples were collected for ␤-galactosidase assays. Growth (filled symbols) and ␤-galactosidase activity (open symbols) were assayed for wild-type (circles) and DPBa27 (sleL-lacZ::pDPV350) (squares) B. anthracis. The graph is representative of three independent experiments.
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on October 31, 2017 by guest http://jb.asm.org/ the DPA contained within the spore core was released within 10 min of germination initiation. However, the amount of NAM released differed significantly (Tukey's adjusted P value of Յ0.0001 as determined using analysis of variance with transformed data) between wild-type and ⌬sleL mutant spores (Fig. 3) . Wild-type spores that had germinated for approximately 10 min released 73% Ϯ 10% of their NAM, whereas the ⌬sleL mutant spores released 7% Ϯ 5%, which is likely the result of SleB and CwlJ lytic activity. When the ⌬sleL mutant was complemented by the addition of a vector containing the full-length gene under the control of the native promoter (DPBa37), the amount of hexosamine released from the spore increased significantly (Tukey's adjusted P value of Յ0.007) to 33% Ϯ 6%. Partial complementation was likely the result of sporulating DPBa37 in modified G broth without antibiotics, so there was no selective pressure for maintaining the complementation vector. The screening of cells for the plasmid antibiotic resistance revealed that only ϳ20% of the cells entering sporulation (at t 0 ) still carried pDPV352. Given that other lytic enzymes produce the 7% NAM release observed for the ⌬sleL mutant spores, the 26% increase we observed for the complemented strain is consistent with the low level of plasmid maintenance. Sporulation in the absence of antibiotics was done due to concerns about changes in sporulation efficiency and spore physiology in the presence of varied media components for different strains. Subsequent sporulation in the presence of erythromycin to select for the complementing plasmid resulted in no significant change in the number of heat-resistant spores produced per unit of culture. Germination studies of these spores revealed stronger complementation, leading to the release of 90% of the NAM observed for the wild type during early germination (data not shown). The same pattern of diminished release in the ⌬sleL mutant and partial complementation was seen for Dpm, another component of the cortex PG (data not shown).
Muropeptide structural dynamics. In order to analyze the muropeptide composition of the wild-type, ⌬sleL mutant, and complemented spores, heat-activated spores were germinated in buffer with L-alanine and inosine. Germination proceeded for 5 min before spore pellets and exudate samples were separated by centrifugation. To inactivate lytic enzymes, the spore pellets were then disrupted by boiling in a solution containing detergent and dithiothreitol, while exudate samples were simply boiled. The pellet samples and half of the exudate sample volumes were digested with mutanolysin, which cleaves the PG between NAM and NAG, leaving NAM as the terminal reducing sugar. Finally, all samples were reduced and muropeptides FIG. 4 . HPLC analysis of wild-type and ⌬sleL mutant B. anthracis muropeptides. Heat-activated spores were germinated for 5 min with L-alanine and inosine in buffer at 37°C. Samples were removed and centrifuged for analysis of PG in the exudate and spore pellet. PG was collected, digested, and reduced, and muropeptides were separated using a methanol gradient as previously described (11) . Muropeptides were derived from dormant spores (A), from the exudates of germinating spores (B to E), from the exudates of germinating spores digested with mutanolysin (F and G), and from germinating spore pellets (H and I). Samples were from spores of the wild type (A, B, F, and H), the ⌬sleL mutant (DPBa35) (C, G, and I) , the ⌬sleL mutant with pBKJ236 vector control (DPBa36) (D), and the ⌬sleL mutant with pDPV352 complementing vector (DPBa37) (E). Peaks G3, G10u, and G12 are clearly visible upon the magnification of panel E but are not marked for clarity. Peaks are labeled as in reference 11 and Table 2 , except the first "a" in the germination-specific peak names is omitted for space considerations. The identities of peaks aG7a and aG7b are unpublished data. Ino indicates the added germinant inosine. Large unlabeled peaks eluting between 10 and 30 min for exudate samples are other small molecules released from germinating spores that were analyzed and found not to contain peptidoglycan components. Peaks labeled b are buffer components.
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were separated using high-pressure liquid chromatography (HPLC) (Fig. 4) . The identities of the muropeptides represented by labeled peaks were previously determined by amino acid analysis and mass spectrometry (11) and are listed in Table 2 .
Wild-type exudate-associated muropeptide profiles differed from ⌬sleL mutant profiles in that the former contained peaks G2, G3, G6, G7, G10u, and G12 representing tetrasaccharide (TS) or hexasaccharide (HS) muropeptides with NAG as the terminal reducing sugar (N-acetylglucosaminitol when reduced) (Fig. 4B) . The loss of sleL resulted in the disappearance of these products (Fig. 4C) . Therefore, the majority of the germination-associated muropeptides released from the ⌬sleL mutant spores were aG7a and aG7b, which appear to be the result of SleB-lytic transglycosylase activity (unpublished data). When the ⌬sleL mutant was complemented with pDPV352, the exudate muropeptide profile was more similar to that of the wild type (Fig. 4E ). aG7a and aG7b were still released, but like the wild type, considerable amounts of the G2, G6, and G7 muropeptides were released from the spore, as well as small amounts of G3, G10u, and G12. This muropeptide profile is consistent with the enzymatic digestion pattern of a glucosaminidase (11) . The profile changes were not the result of the pBKJ236 vector because only aG7a and aG7b germinationassociated muropeptides were present in the chromatogram of DPBa36 containing the empty vector (Fig. 4D) .
The muropeptide profile of wild-type spore exudate digested with mutanolysin reveals the presence of high levels of G1, G4, G5, and G8 (Fig. 4F) . These trisaccharides and pentasaccharides result when NAG is cleaved from the reducing ends of G2, G6, G7, and G10u, respectively. When ⌬sleL mutant exudate samples were digested and analyzed, there were no peaks at the positions of G1, G4, G5, or G8 (Fig. 4G) . The muropeptides that were released from the mutant spores, L, N, and Q, must be produced by the mutanolysin digestion of larger PG fragments that have been released from the spores but are present in lower amounts than for the wild type, because most of the cortex PG is retained within the mutant spores (Fig. 4I) . There was no difference in the release of aG7a or aG7b between the wild-type and ⌬sleL mutant spores, however, suggesting that these products of cortex digestion are small enough to be released to the exudate and are unaffected by mutanolysin digestion.
The major differences between the muropeptide profiles of wild-type-and ⌬sleL mutant-germinated spore-associated material is that wild-type spores retain very few muropeptide constituents 5 min after germination initiation (Fig. 4H) . Notably, essentially undetectable amounts of the predominant cortex-associated muropeptides N and Q were identified in wild-type profiles. ⌬sleL mutant spores, however, had much higher amounts of not only N and Q but also other dormant spore-associated muropeptides, including other TS, HS, and cross-linked muropeptides (Fig. 4I) . Therefore, more cortex PG was retained in ⌬sleL mutant spores as a result of the loss of SleL enzymatic activity.
DISCUSSION
The B. anthracis sleL gene encoding a GSLE was mutated and evaluated for its role in germination. The loss of sleL slightly delays germination because mutant spores take 10 min longer to reach their maximum drop in OD 600 value. In refined studies of the progression of germination, our findings indicate that SleL is involved in the depolymerization of cortex PG. Stage I of germination appears to proceed normally in the sleL mutant. Both wild-type and mutant spores release equivalent amounts of DPA, and their drop in OD is equivalent for the first 5 min after germination initiation. However, mutants (44) . At this point, mutant spores are not hydrolyzing their cortex PG as efficiently. The fact that sleL mutants complete outgrowth as quickly as the wild-type strain suggests that they are not impaired in spore core rehydration and resumption of metabolism.
It was previously proposed that SleL may degrade partially digested cortex PG (8) . In the absence of SleL, the cortex continues to be depolymerized by SCLEs, presumably SleB and CwlJ, but the spore retains these large fragments. This would explain why we see ϳ65% more NAM and ϳ50% more Dpm being retained in germinating sleL mutant spores. The retention of these cortex-associated products indicates that SleL is involved in their release and may also explain why sleL spores continue to be more optically dense than wild-type B. anthracis. Despite these alterations, sleL mutants depolymerize the cortex sufficiently, presumably via the lytic enzymes SleB and CwlJ, so that germination is completed and outgrowth begins.
Chen et al. (8) subjected B. cereus PG fragments to purified SleL and found that the cortex-lytic enzyme was capable of digesting partially disrupted cortex PG and is therefore classified as a CFLE. By using reversed phase HPLC, they also determined that the enzyme acts as an N-acetylglucosaminidase involved in spore cortex depolymerization. Sequence studies reveal that the SleL protein is part of a large family of glycosyl hydrolases that includes chitinases (26) , which cleave a polymer of N-acetylglucosamine. Despite the fact that B. cereus and B. anthracis SleL have 48% amino acid identity to B. subtilis SleL, reports of muropeptide structure and composition analyses in the latter species suggested that SleL is a putative muramic ␦-lactam epimerase (9). Atrih et al. (3) first proposed the role of an epimerase after concluding that the cortex PG was modified in a way uncharacteristic of an amidase or hydrolytic enzyme. Instead, the enzymatic activity occurred only at muropeptides containing muramic ␦-lactam and possibly altered the stereochemistry of muramic acid residues. Chirakkal et al. (9) evaluated a B. subtilis sleL null mutant for cortex PG muropeptide dynamics of dormant and germinated spores. They reported that the sleL strain did not produce epimerase products but continued to release glucosaminidase products to the exudate. We cannot explain the results of Chirakkal et al. (9) , but our results are consistent with those of Chen et al. (8) in predicting that SleL is an N-acetylglucosaminidase.
In our analyses, peaks G2, G3, G6, G7, G10u, and G12 were absent from the ⌬sleL mutant's germination muropeptide profile. Muropeptides with similar retention times and identical masses were previously identified as epimerase products (1, 3) . However, Dowd et al. (11) recently reported that the most evident lytic activity detected during B. anthracis germination is that of a glucosaminidase. When the exudate fractions were digested with mutanolysin and reduced, the original TS and HS were converted to tri-and pentasaccharides, indicating that the native exudate muropeptides had NAG at their reducing termini rather than NAM. Dowd et al. (11) went on to suggest that in B. subtilis, the glucosaminidase products were misidentified as epimerase products. All of our data would indicate that the enzymatic activity of SleL is not an epimerase but actually an N-acetylglucosaminidase.
By creating an sleL-lacZ transcriptional fusion, we were able to show that B. anthracis expresses sleL around t 2 or midsporulation. This result is consistent with a microarray analysis of B. anthracis that indicates sleL is transcribed during wave 4 of gene expression, which includes t 1.5 to 4 (5, 23) . Because both B. anthracis and B. subtilis express sleL around t 2 , and given that Kodama et al. (19) have shown that B. subtilis sleL is under the control of E , it is reasonable to predict that B. anthracis sleL is most likely expressed in the mother cell under the regulation of E . The protein is then apparently localized to the developing forespore, where it is incorporated into the mature spore (8, 19) .
The SleL N-acetylglucosaminidase plays a major role in determining the structure of muropeptides released into the medium by germinating B. anthracis. These muropeptides may have a major role in modulating the host immune system during an anthrax infection (14) . To fully understand the contributions of GSLEs during B. anthracis germination, it will be imperative to create and analyze combinatorial double and triple mutants. This will allow us to determine if and how these enzymes cooperate to produce particular muropeptide products and to allow for such a fast, efficient morphological transition.
